Pre-coagulation could mitigate the membrane fouling, and thus we used different Al coagulants as a pre-treatment for ultrafiltration to explore their effects on the morphology of the membrane cake layer and fouling. Parallel bench-scale tests, using three different species of Al (AlCl 3 , PACl 15 , and PACl 25 ), with and without humic acid, were operated continuously for a long period to investigate the effects of floc aging (~13 days). Specifically, the presence of humic acid affects the cake layer by influencing the rate and extent of floc crystallization, as greater crystallization leads to greater fouling (bio-fouling was excluded in this study). The fouling rate (indicated by the trans-membrane pressure at constant flux) varied with Al species and was found to increase as follows: PACl 15 < PACl 25 < AlCl 3 . The presence of humic acid also intensify membrane flouling. The results showed that three species of Al induced different sizes of primary nanoparticles and fractal dimensions of flocs, and therefore produced cake layers with different thickness/ structure. Analysis of flocs with different ages indicated a crystallization process in the cake layer. Crystallization exacerbate membrane fouling by decreasing the porosity of the cake layer, and the situation became severe in the presence of humic acid.
INTRODUCTION
Different types of pre-treatment before membrane filtration have been explored for many years, such as adsorption, coagulation, and oxidation. [1] [2] [3] [4] Some materials, such as powdered activated carbon (PAC), 5 heated aluminum oxide particles (HAOPs), 6, 7 magnetic ion exchange (MIEX) 8 and synthesized zeolite, 9 have been studied as pre-adsorption materials to mitigate membrane fouling. An anion exchange resin before ultrafiltration can also significantly mitigate irreversible fouling and reduce the dissolved organic carbon (DOC) content of clarified water. 10 The principal purpose of these alternative adsorption methods is to remove problematic contaminants before they reach the membrane surface, and cause significant fouling effects.
In addition to adsorption, chemical coagulation as a pretreatment for membrane filtration can mitigate microfiltration (MF) or ultrafiltration (UF) membrane fouling for drinking water treatment, removing most of the turbidity, microorganisms, biopolymers and 30-40% of dissolved organic matter. [11] [12] [13] [14] [15] Precoagulation by alum, ferric salts and other developed coagulants can extenuate irreversible membrane fouling in the treatment of wastewater [16] [17] [18] and wastewater effluent. 19, 20 Lahoussine-Turcaud et al. 21 found that polyaluminium chloride could reduce the fouling rate polysulfone UF membrane for river water treatment, but co-addition of organic polymers and polyferric chloride may cause greater membrane fouling. 22 Therefore, the permeate flux of a membrane is influenced by the kind of coagulant(s) used in the pre-treatment. 23 In addition, a previous study demonstrated that the treatment performance decreased with the type of coagulant in the following order: Al 2 (SO 4 ) 3 > Fe 2 (SO 4 ) 3 > FeCl 3 . 24 Citulski et al. 25 found that alum caused negligible irreversible fouling and stabilized the reversible fouling rate, while ferric chloride caused rapid and irreversible fouling. A comparison among Al 2 (SO 4 ) 3 , NaAlO 2 , and polyaluminum chloride (PACl) suggested that using sodium aluminate as coagulant resulted in less organic matter removal and a considerable residual aluminum concentration after the coagulation process, as well as with coagulation combined with an ultrafiltration process. 26 When using aluminum-based coagulants, the structure of the flocs is determined by the species of Al, which influences the properties of the cake layer, and thus the behavior of the membrane filter. 27 Precipitates formed from polyaluminum chloride (PACl) were reported to cause more irreversible fouling than those formed from the monomeric aluminum coagulants, 28 and it was found that PACl-Al b (medium polynuclear Al species) caused the greatest flux decline. 29, 30 However, it is noted that these experiments relating to drinking water treatment were carried out with flat membranes, which may necessarily accurately predict the behavior of hollow fiber membrane applications.
Generally, pore blocking, adsorption, and cake formation are three kinds of mechanisms that caused membrane fouling, as well as flux decline. 31 While considerable research has been conducted on the pre-coagulation performance with different coagulants, as indicated above, the mechanisms of membrane fouling have not been fully established. Some previous studies by others 32 and in our research 33 have suggested that cake formation was the predominant mechanism of membrane fouling, as well as the presence of biopolymers. Other studies have indicated that the physico-chemistry and structure of the coagulated flocs, and thus the porosity of cake layer, were an important influence on filtration efficiency. [34] [35] [36] [37] Precipitated amorphous metal hydroxide slowly transforms into a crystalline form as it ages. 38 During this process, large amounts of water in the freshly precipitated hydroxide are released, which induces lattice re-organization and the formation of microcrystals. 39, 40 As shown by de Vicente et al., 41 Al(OH) 3 precipitate lost 75% of its adsorption capacity for PO 4 3-after aging, and the reactivity of aluminum in the precipitate was found to steadily decrease. 42 The aging environment strongly influences the process of crystallization, such as the transformation of amorphous alumina gels into pseudo-boehmite. 43 Particular components in solution impede/inhibit the crystallization of aluminum hydroxide, 42 such as carbonate, nitrate, chloride, and sulfate. 43, 44 For ferrihydrite precipitate, the process of crystallization was found to be inhibited by Si. 45 Lin et al. 46 confirmed that the crystalline structure of the Al 13 aggregates differed from that of Al(OH) 3 and that the Al 13 aggregates did not have a well-defined crystalline structure.
Therefore, the presence of background contaminants, such as organic matter, anions, etc., can influence the properties of coagulant precipitates or flocs, and thus alter the structure of the cake layer (formed by flocs) on membrane surfaces after long operation times (facilitating the crystallization process), and thereby induce different membrane fouling effects. Currently, there is a scarcity of information concerning the impact of floc crystallization on membrane fouling, and particularly the aging of hydroxide precipitate in the cake layer. In this paper, we have investigated the nature of the cake layers formed by different Al species, and the effect of humic acid (HA) on the process of crystallization in these layers, and the membrane fouling.
RESULTS AND DISCUSSION
TMP development in different systems The variation of trans-membrane pressure (TMP) during the operation of ultrafiltration using AlCl 3 , PACl 15 , and PACl 25 as precoagulants is shown in Fig. 1 , together with UF without precoagulant for comparison. The membrane system was operated for 13 days in the first phase, followed by a washing event to remove the cake layer from the membrane surface, and then the system was operated again for a further 5 days as a second phase (Fig. 1) . The results show clearly that pre-coagulation mitigated the membrane fouling. While the development of TMP was significantly different in the four systems, from an initial value of~5 kPa, the extent of fouling decreased in the order: no pre-treatmentå AlCl 3 å PACl 25 å PACl 15 .
When HA was absent in the tap water (Fig. 1a) , the TMP of the system without pre-coagulation started to increase immediately, while the TMP in other systems didn't start to increase until day 4. The values of TMP at the end of the first stage were 16kPa, 10kPa, and 14kPa for AlCl 3 , PACl 15 , and PACl 25 respectively. It can be seen that the TMP reduced to its initial value after washing at day 13 as the cake layers were removed in the three systems. For the tests with HA in the feed water, the TMP increased dramatically and the systems with pre-coagulation started to foul from the second day of operation. The values of TMP at day 13 were 42kPa, 14kPa, and 23 kPa for AlCl 3 , PACl 15 , and PACl 25 respectively, indicating that the presence of HA caused greater fouling. Since the TMP of the AlCl 3 coagulation-UF system increased rapidly in the presence of HA, it was evident that the addition of AlCl 3 was not an effective pre-treatment to alleviate the membrane fouling.
At the end of the first phase, the cake layer was cleaned by sponge washing for all four systems, and then the membrane systems were re-started. It was found that the TMP of all three membrane systems with pre-coagulation was again reduced to its initial value, indicating that the cleaning was effective with or without the presence of HA (Fig. 1) . Therefore, the results showed that the cake layer dominated the membrane fouling in all systems, and the rapid growth of TMP in the HA-tap water tests suggested that the presence of HA affected the nature of the cake layer, causing a greater increase of membrane fouling. The results for TOC and UV 254 (Tables 1 and 2 For turbidity, UV 254 , and TOC, the number of measurements n = 7; for residual Al, n = 5
efficiencies of organic matter in the three coagulation-UF systems were very similar. Therefore, it was concluded that the properties of the flocs forming the cake layer, were the main factor that influenced membrane fouling; this was investigated subsequently by reference to the size distribution and fractal dimension of flocs.
Structure of flocs and nano-scale primary particles The particle (floc) size distribution (PSD) in the three membrane tanks, with different species of Al coagulants as pre-treatments, was measured by Mastersizer 2000 (Fig. 2) . It can be seen that the PSD of flocs in all membrane tanks (Fig. 2a) From previous studies (e.g. 47 ) it has been shown that, in general terms, the greater the fractal dimension, the more compact is the floc shape. Thus, the morphology of the cake layers in the three membrane systems are different as a consequence of the different floc sizes and shape/structure (fractal dimension). The results appear to indicate that the lowest rate of membrane fouling, with the PACl 15 coagulant, corresponded to a cake layer formed by flocs of a lower size and fractal dimension. The morphology of the cake layers will be discussed further with additional information provided by SEM images.
The possible involvement of nanoparticles (particles < 0.45 μm) in the membrane fouling process was investigated by determining the particle size distribution of solutions in the nano-scale range by DLS (Fig. 2b) . It has been found by previous researchers that organic matter smaller than~3 nm caused very little fouling. 48 Since the size distribution of the nanoparticles after 0.45 μm membrane was minor (<3 nm, Fig. 2b) , it is probably that these smaller nanoparticles played little influence on the membrane fouling.
SEM image SEM images of the cake layer for the three different membrane systems were compared (Figs. 3 and 4) , and it was found that a thick cake layer formed on the membrane surface in all cases. However, the properties of the cake layers appeared to have significant differences between the three Al coagulants. For tap water in the absence of HA, all of the cake layers were found to consist of thousands of primary nanoparticles, and their average size varied between 20 and 30 nm (determined by Smileview software), which seemed to be determined by the Al species (B (OH/Al) value), as the size decreased as B value. The cake layer formed with PACl 15 precipitate had the highest porosity than the other two systems (determined by Smileview software), which confirmed with the result of Fig. 3 .
In comparison to the tap water without HA, the properties of Al-HA cake layers on the fouled membrane (tap water with HA) seemed markedly different. While thick deposit layers were also formed on the surface of the fouled membranes, comprising colloidal material, the cake layers appeared more porous and the size of primary particles was larger compared to the tap water without HA. The images indicated the accumulation of flocs with primary nanoparticles of around 40, 40, and 30 nm for the AlCl 3 , PACl 15 , PACl 25 pre-coagulants (statistical results by software image J), respectively (Fig. 4a-c) . According to filtration theory, the cake permeability should be greater where the constituent particles are larger. For the high increase of TMP by AlCl 3 , it was probably related to the greater improvement of the crystalline of hydroxide flocs compared to the pre-formed Al coagulants (PACl 15 and PACl 25 ).
Apart from the size of the nanoparticles and the porosity of the cake layer, the thickness of cake layer also affected the external membrane fouling. Comparison of the thickness of the cake layer porosity and lowest thickness, which corresponded to the lowest degree of membrane fouling. The flocs is of micron size, comprising nanoparticles whose size is larger than 20 nm. Therefore, it wouldn't induce complete pore blocking and further cause membrane fouling. It is suggested that cake formation is the dominating reason for membrane fouling here, as most of fouling could be removed by physical cleaning. However, the irreversible membrane fouling increased continuously, which might be attributed to the adsorption of organic matters escaped from the cake layer after crystallization or the ones from original water. Therefore, the influence of floc (cake layer) age was investigated, and specifically the process of crystallization of the flocs within the cake layer.
Crystallization of different aged flocs
The properties of flocs/cake layers with/without HA vary with time through the process of floc crystallization, which may cause greater membrane fouling. To consider this phenomenon, the crystallization of differently aged Al precipitates and Al-HA flocs (sludge) was examined by XRD (Fig. 5) . As it was difficult to separate differently aged cake layers on the surface of the membrane, different depths (with different age) of the sludge in the UF tanks were used to instead to represent the differently aged cake layers, to investigate the extent of the crystallization.
XRD analysis of the sludges without HA, collected with different ages, showed a broad range of peaks and confirmed the presence of amorphous Al(OH) 3 with poorly ordered structure, especially for the polymeric Al (Fig. 5) . Also, the XRD results for the Al precipitate sludges (without HA) showed that there were some differences between the three Al-coagulants. There was no broad peak for AlCl 3 sludge (monomer Al), while for the polymeric Al the intensity of the broad peaks increased as the B (OH/Al) value increased, which may be related to the existence of Al 13 . It was evident that there was no crystallization process for all of the precipitate sludge within an aging time of 10 days (Fig. 5a, b, c) .
In contrast, the formation of crystalline bayerite was evident after several days for the Al-HA sludges from the XRD profiles (Fig.  5d, e, f) . The peak intensities of the crystalline phase for all three flocs/sludges increased with age (from 1 to 10 days), indicating the gradual change of the amorphous solids to more ordered phases. 49 These results suggested that the presence of HA accelerated the crystallization of all three Al-HA flocs, probably leading to an increase of TMP development. It is believed that the loss of water from the nanoparticles at room temperature led to a dramatic structural variation, with the disordered amorphous structure transforming into a more crystalline structure. 50 This would indicate that the morphology of the cake layer was composed of different degrees of crystallization, increasing from the inner to outer parts of the cake layer on the membrane surface. This variation in floc structure was confirmed visually by SEM imaging for AlCl 3 -HA flocs of different ages.
SEM of flocs with different ages
In order to confirm that the crystallization of AlCl 3 precipitate was due to the presence of HA, which induced greater membrane fouling, the flocs with different ages were air-dried and imaged by SEM (Fig. 6) . It was evident that the structure of the flocs changed significantly with age. Thus, when newly formed, the flocs consisted of thousands of primary nanoparticles which then reduced in size and bonded together more closely. It is speculated that Brownian motion may allow adjacent particles to rotate through jiggling, until reaching a low-energy configuration through a coherent particle-particle interface. Therefore, rotation of particles within aggregates may be strongly influenced by the short-range interactions between adjacent surfaces. 51 Through these effects, the nano-scale primary particles changed gradually, leading to variations in the floc structure. It was clear from the SEM images that the size of primary nanoparticles reduced and microcrystallization of flocs occurred over 10 days. At day 20, the AlCl 3 -HA flocs became rod-like micro-crystals without any nano-scale primary particles evident. Most importantly, the porosity of flocs decreased with age. As the deposited flocs of different ages varied with distance from the membrane surface, it is believed the porosity of the cake layer decreased with increasing proximity to the membrane surface because of the crystallization process. This study has considered how different Al coagulants (AlCl 3 , PACl 15 and PACl 25 ), used as pre-treatment before ultrafiltration, affected the nature of the cake layer on the UF surface and on the membrane fouling as time, with and without the presence of HA. The key conclusions are as follows:
1. Pre-coagulation can mitigate membrane fouling during the ultrafiltration process, but the performance depends on the properties of the coagulants, and particularly the process of floc crystallization. The performance of the three coagulants decreased in the order: PACl 15 > PACl 25 > AlCl 3 , according to the results of TMP development. The worst performance, with AlCl 3 , was due to smallest primary nanoparticles, a more density and thicker cake layer formed on the membrane surface, compared to the other coagulants, which resulted in a higher resistance to flow. 2. Membrane fouling can be mitigated by decreasing the thickness, and increasing the porosity of the cake layer. PACl flocs with larger sized primary nanoparticle and a lower fractal dimension resulted in less membrane fouling. 3. SEM images of flocs with different ages demonstrated that they were composed of thousands of primary nanoparticles when newly formed, but then became smaller and bonded together more closely, and changed in nature through crystallization with the flocs becoming rod-like micro-crystals. 4. Although the size of primary nanoparticles was larger and the porosity of the cake layer was greater in the presence of HA, the HA induced much greater membrane fouling, through accelerating the crystallization of the cake layer.
METHODS

Synthetic raw water and coagulant
The raw (feed) water used in this study was tap water (with residual chorine removed by standing for 24 h) or tap water mixed with 5 mg/L humic acid solution (2S101H, International Humic Acid Substance Society, USA). Tap water (London, United Kingdom) was chosen here to provide sufficient background ions and alkalinity. We used this model waters to simulate the actual drinking water as much as possible. The properties of both waters are listed in Tables 1 and 2 , respectively. PACls with different OH/Al ratio (B value) were used as coagulants in this study. An alkali titration method was used to prepare these at room temperature, 52 and specific B values of 0, 1.5, and 2.5 were produced, and denoted as PACl 0 (AlCl 3 ), PACl 15 , and PACl 25 , respectively. PACl 15 and PACl 25 contain around 50 and 90% Al b /Al 13 , respectively. In all cases, the concentration of stock PACl solutions were prepared at 0.1 mol/L.
Coagulation and membrane filtration system Four mini pilot-scale coagulation-UF (CUF) systems were operated in parallel, corresponding to pre-treatment with three species of Al coagulants (PACl 0 (AlCl 3 ), PACl 15 , and PACl 25 ), and one without precoagulation; this experimental arrangement is illustrated in the supporting information (Fig. S1 ). The concentration of PACls was set at 0.1 mM, which was established as the dose needed to remove most of the HA in pre-tests. Further details of the test procedures and the hollow-fiber UF membrane module are provided in the supporting information. The membrane systems were operated continuously at constant flux (20 L/(m 2 h) for a period of 18 days, with for a single washing event (by sponge) at day 13. Further information could be found in the supporting information.
Other methods A Malvern Mastersizer 2000 (Malvern, U.K.) was used to determine the particle size distribution and the fractal dimension (D f ) of particles/flocs, which were sampled from the three membrane tanks employing precoagulation, as used in other studies. 53, 54 In addition, dynamic light scattering (Zetasizer, Nano ZS90, Malvern Instruments, PA) was used to measure the size of nano-scale colloidal suspensions (after 0.45 μm membrane). UV absorbance at the wavelength of 254 nm (UV 254 ) and DOC were determined by an ultraviolet/visible spectrometer (U-3010 Hitachi High-Technolgies Co., Japan) and total organic carbon (TOC) analyzer (TOC-V CPH , Shimadzu, Japan) respectively. Turbidity was measured by turbidimeter (2100N, HACH, USA) and ICP-OES (Agilent 5110, USA) was used to determine residual Al concentrations. The crystalline structure of the flocs/precipitates was examined by X-ray diffraction (XRD, Rigaku UltimaIV, Cu-Κα radiation, 45 kV, 50 mA, Japan). Samples of fouled membranes were cut and coated by a Cr sputter, and were imaged by scanning electron microscopy (SEM; JSM7401F, JEDL, Japan).
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